BACKGROUND: Whiplash-associated disorders (WAD) result from injury of neck structures that most often occur during traffic accidents as a result of rapid acceleration-deceleration. The dominant symptoms manifest in the musculoskeletal system and include increased fatigue. Because of the frequency of whiplash injuries, a simple, cheap and useful diagnostic tool is needed to differentiate whiplash injury from healthy patients or those faking symptoms.
hiplash injury is an injury to the soft and/or bony tissues of the cervical spine and neck structures that most frequently occurs in the course of traffic accidents, usually at low speed. 1 The incidence varies−the frequency is higher in the Scandinavian countries and generally in the countries of the West, as opposed to countries such as Greece and Lithuania. 2 This difference may be related to the practice of compensation for injuries by insurance companies in Western countries. [3] [4] [5] In a study conducted in Croatia, which included 1077 persons with a neck injury from the region of Rijeka, 94.8% had whiplash injury, which translates to an incidence of 0.11% to 0.39% injured persons per year. 6 Whiplash injury results from acceleration-deceleration or laterolateral forces that strain and injure neck structures, with the specific injuries dependant on various biomechanical conditions. 1 The most common mechanism of injury is a rear-end vehicle collision involving a stopped car. The driver's body movements in the collision result from the state of inertia before the collision and transmission of force depending on velocity and mass, which in this case refers to a rapid movement with the injury dependant on the amount of absorbed energy. 1, 7, 8 The point of highest strain is at the C6-C7 dynamic segment of the cervical spine. Normally, the movement of the cervical spine begins in the area of the upper vertebrae. [7] [8] [9] Panjabi et al published a frequently cited paper in which they opposed the hypothesis that hyperextension of the cervical spine was the main cause of damage to neck structures during whiplash injuries. During a simulation of a whiplash injury mechanism on cadaveric human spines, they noticed that the cervical spine forms into a nonphysiological S-shape which injures the structures in the lower part, while hyperextension occurs later resulting in injury to structures of the upper part of cervical spine. 10 The symptoms that develop due to whiplash injury are called whiplash-associated disorders (WAD). The most dominant symptoms are those of the musculoskeletal system−pain, unease, cramps and strain. 1 In normal physiological conditions, muscle fatigue develops after long-term and/or strong contraction, which is manifested in weakening and inability to perform further muscle labor as a result of biochemical processes on the level of the muscle cell.
11,12 James and Doe tested neck muscle endurance, measured in seconds, in 19 young and asymptomatic, healthy examinees in the lying position as the head was in flexion. The average time endured was 126.42 seconds, and the test reliability was 0.983. The authors suggested that clinicians perform similar tests on patients with neck pathology as a means to define the range for normal and abnormal results. 13 Patients with whiplash injury had time-to-fatigue of the paravertebral muscles 3-5 times shorter than controls. Subjects are placed into a certain position to measure how much isometric stress they can endure.
14 Standardization of testing varies from the use of highly sophisticated instruments to a subjective assessment by an examiner. The current criteria for evaluating whiplash injuries are mostly derived from a review of the current methodology in studying muscle fatigue with various neck pathologies by de Koning et al in 2008 . 15 Few studies have dealt with other muscles and groups of muscles in the context of endurance and fatigue in patients with WAD, and particularly in injuries that do not have a direct anatomic relationship with the head and neck. It seems that soreness in certain muscles of the neck region, particularly in the semispinalis capitis muscle, is what affects the speed of muscle fatigue in patients with whiplash injury; soreness also affects biochemical processes in neuromuscular connections. 16 The aim of this study was to determine isometric muscle fatigue in six positions which induce muscle strain of the neck and upper extremities of patients with whiplash injury, and compare the time to onset with controls. Also, we wanted to investigate how muscle fatigue correlates with the degree of whiplash injury, as muscle fatigue can serve as a diagnostic tool in clinical practice.
PATIENTS AND METHODS
In this analytical cross-sectional study conducted from September 2013 to September 2016, participants were selected by deliberate or purposive sampling, a form of nonprobability sampling from patients with suspected whiplash injury after a traffic accident, who reported to the UHC Mostar Center for Emergency Medicine within 6 hours of sustaining the injury. The test group consisted of patients injured in vehicular traffic accidents who had isolated whiplash injury divided into subgroups (grade 1, 2 or 3) according to the criteria of the Quebec Task Force (QTF). 17 The controls consisted of compatible, healthy subjects, mostly employees of the University Clinical Hospital (UCH) Mostar and students of the University of Mostar, who were matched with individuals in the test group according age, gender, weight, height, BMI and neck circumference. Potential participants were fully informed verbally and in writing that testing might be uncomfortable, but harmless. The study was conducted in accordance with the Helsinki Declaration and principles of quality clinical practice, with approval of the Ethics Committee of UCH Mostar (reference number 767/13, 6 February 2013).
After admission to the emergency department, pa-tients underwent the usual procedures, which included taking a medical history, physical examination and xray of the cervical spine in two standard projections. Afterwards, we determined the whiplash injury grade according to the QTF criteria (the study encompassed patients who had whiplash injury of grade 1, 2 or 3, according to QTF, without concomitant injuries). Isometric muscle endurance was then determined in muscles and groups of muscles of the neck and upper extremities, which were examined in the following positions (muscles activated indicated in parentheses): Position 1: Sitting position with arms in abduction up to 30° retroflexion with outward rotation (supraspinatus muscle, infraspinatus muscle, teres minor muscle, trapezius muscle); Position 2: Sitting position with arms in adduction, retroflexion and inward rotation ( subscapularis muscle, teres major muscle); Position 3: Sitting position with arms in abduction up to 90° with outward rotation (deltoid muscle, supraspinatus muscle, infraspinatus muscle); Position 4: Sitting position with arms in abduction up to 120° with outward rotation (deltoid muscle, supraspinatus muscle, infraspinatus muscle, ascending part of trapezius muscle, serratus anterior muscle); Position 5: Lying position on the back with head in semiflexion up to 30° (longus colli muscle, longus capitis muscle, rectus capitis anterior muscle, sternocleidomastoid muscle); Position 6: Lying position on the stomach with head in extension up to 20° (trapezius muscle, splenius capitis muscle, longissimus cervicis muscle, longissimus capitis muscle). The subjects remained in position until the limits of endurance were reached and muscle fatigue appeared, which was determined by head or extremity movement by 5o and a statement by the subject that they could not endure the forced position anymore and felt unable to continue. Time of endurance in the position was measured with a standard stopwatch in seconds. Testing began after setting the subject into one of the forced positions, and ended after the appearance of muscle fatigue. Testing in each subsequent position came after a three-minute break from the previous test.
Statistical analysis
Independent t tests were used to analyze time of onset of muscle fatigue with one-way ANOVA for independent samples. After the variance analyses, Tukey post-hoc test was used to determine differences between three groups. To predict grade of injury based on time-to-onset of muscle fatigue, cut-off values were established by receiver operating characteristic (ROC) curve analysis. Analyses were conducted for all six test positions in patients and controls, as well as between subgroups after division into the three grades based on QTF definitions. The ability to distinguish the grade of injury by compromise between sensitivity and specificity was defined by area under the curve (AUC): >0.9-excellent distinction; 0.9-0.8−good distinction; 0.7-0.8−moderate distinction; 0.7-0.6−low distinction. For the binary logistic regression, values less than or equal to cut-off values were coded 1 and more likely represented the patient group, while the values above the cut-off were coded 2 and more likely represented the control group. Binary logistic regression assessed whether classification into the patient or control group. The Spearman rho was used determine correlation of isometric muscle fatigue with grade of whiplash injury according to QTF. A probability of <.05 was taken as statistically significant. SPSS statistical software, version 20.0, was used for all statistical analyses (SSPS Inc., Chicago, IL).
RESULTS
During the study period, we enrolled 75 patients with whiplash injury and 75 matching control subjects. There were more men (n=44, 58.7%) than women (n=31, 41.3%). There were no statistically significant differences in any anthropometric measurement ( Table 1) . Patients developed muscle fatigue earlier than controls (P<.01) ( Table 2 ). The time-to-onset of muscle fatigue decreased with increasing injury grades in all six positions ( Table 3) . Muscle fatigue onset developed most rapidly in patients with whiplash injury grade 3 and was slowest in patients with injury grade 1.
Assignment to patient or control group
ROC curves for the six test positions indicated that assignment to the patient or control group could be readily predicted (more than 95% accuracy) on the basis of time to muscle fatigue ( Figure 1) . The most efficient position was position 6, by which 99.9% of the patients were accurately categorized. The optimum cut-off values based on time of isometric muscle fatigue in the test positions were determined for each test position ( Table 4) . In almost all positions there was excellent differentiation between groups with AUC greater than 0.9. The binary logistic regression analysis confirmed the ability to predict injury in patients as indicated by large and statistically significant odds ratios ( Table 5) .
Assignment to injury grade
For all test positions, there was a statistically signifi- cant prediction of assignment to injury grade with an accuracy of more than 90%. The highest accuracy was detected for position 6, in which a total of 97.3% subjects were classified correctly. For position 6, only one control subject was misclassified as a patient out of 150 subjects while three patients were classified as controls ( Table 6 ). ROC curves predicted affiliation to the subgroup of patients by injury grade (Figure 2 , Figure   3 ). Cut-off values for differentiation QTF grade 1 from QTF grade 2 subgroup showed limited, but significant "accurate" possibilities in classification of patients into subgroups with the best distinction for positions 3, 4, 5, and 6 ( Tables 7 and 8 ). The best positions for distinguishing QTF grade 2 from QTF grade 3, were positions 1, 2, 3, 4 and 6 ( Tables 9 and 10 ). Correlation was statistically significant (P<.01) between the QTF grades of whiplash injury and onset of muscle fatigue in the six positions ( Table 11) .
DISCUSSION
In patients with WAD, isotonic contractions lead to a more rapid muscle fatigue. 18 In our study, isometric muscle fatigue in positions 3 and 4 occurred more rapidly than in controls. In addition, the speed of fatigue was related to whiplash injury grade according to QTF score. No other studies have used our methodology so comparison is difficult, but similar studies have also discovered that patients with WAD have increased muscle tension in the humeroscapular and trapezius muscles. Since no comparable studies exist for these positions, we refer to similar papers which tested the mobility of the shoulder and sternoclavicular joint in the context of WAD, which assumes muscles included in movements as in positions 3 and 4. 19 Helgadottir et al examined the activity of trapezius and serratus anterior muscles by electromyography in patients with WAD during abduction of the arm, which is similar to position 3 in our study. The results showed reduced endurance, which affects the stability of the shoulder blade. 20 It was interesting that in positions 1, 2, 3 and 4 in our study, the majority of the activated muscles did not have a vertex or a starting point in the cervical spine, and yet they showed faster isometric muscle fatigue in patients with whiplash injury. Soreness in those muscles is a wellknown phenomenon, which affects mobility in the activated muscles and in the cervical spine. Even in the case when there is no active movement in the neck, soreness in this region is present, due to proven activation of the muscles serving as spine stabilizers. 21 It is believed that latent and active points of soreness in not only muscles of the neck, but also in others, such as the trapezius muscle, can be a source of altered muscle activity in patients with a whiplash injury. 22 As for testing position 5, muscle fatigue in patients appeared also more rapidly in comparison with controls. A statistically significant difference was shown in rapidity of fatigue considering injury grade according to QTF and in comparison with controls. In a study similar to ours, Kumbhare et al, tested fatigue of the neck flexor as we did, in 71 patients with whiplash injury grade 2 according to QTF, and compared them with controls from a local sports club, who were of similar age and gender. This simple test discriminated patients with whiplash injury, with different tests used to measure the effects of whiplash injury. The average time of isometric muscle fatigue onset was similar to our patients with whiplash injury grade 3. Values in control subjects were also similar to ours. The results indicated large individual variability among examinees, as in our study. Results differed because they had stricter criteria for the onset of muscle fatigue, and controls were well-trained young athletes. 23 Woodhouse et al also detected faster muscle fatigue in patients with WAD in comparison with patients who had chronic pains in the neck of other etiology, as well as in controls when endurance under large and small stresses was tested. Subjects were placed in a position similar to position 5 in our study. With the head in semiflexion up to 40 seconds under increasing stress, only 70% subjects with WAD succeeded, unlike almost all subjects with chronic neck pain of other etiology or controls. Their patients with chronic WAD had QTF grades 1 and 2 injuries, so results can be compared to ours to a certain degree, bearing in mind that the subjects in their study were under stress and had chronic difficulties. 24 In our study, the largest difference in testing isometric muscle fatigue between the patients and controls was obtained in testing position 6, where patients developed isometric muscle fatigue faster, depending on QTF grade. It seems that this test is the best one for detecting whiplash injury.
In other studies, results were less similar to ours. Edmondston et al 25 tested the fatigue in neck muscles in extension, in a way similar to our method, with different results that identified a cut-off value, which differentiates the patients from the controls with 97.3% accuracy, which would mean that their results are somewhat similar to the results obtained in our study for QTF grade 1 group, even though fatigue appeared much more rapidly in patients. A pilot study from 2011 studied the endurance of neck muscles in 148 patients with chronic neck pain, mostly caused by whiplash injury. 26 The patients were exposed to tests in various positions and from additional manual stress by the examiner. One of the set positions was similar to position 6 in our study. They reported that 32.4% patients with neck pain had a certain level of weakness, unlike 2% of controls. They estimated the specificity of this test at 93.7% for patients and 70% for controls. Similarly, we found a high specificity of 97.3% for position 6. Limitations of our study were the small sample, especially in subgroups. Another limitation was the lack of objective parameters to assess the onset of muscle fatigue such as electromyography. 27 Muscle fatigue in whiplash patients affects many aspects of their life, aggravating common activities such as driving a car, which requires mental effort to compensate. 28 There is no doubt that whiplash injury is often pathological, but factitious disorder or simulation for manipulative purposes is common. 5, 6 This can make the work of doctors more difficult as they deal with many patients who attempt to submit fraudulent insurance claims. 6 Modification of insurance policies in response to this issue have resulted in changes in the incidence of whiplash injury. 5 Because of the frequency of whiplash injuries, a simple, cheap and useful diagnostic tool is needed, which can differentiate whiplash injury patients from the healthy. Under clinical conditions, muscle endurance and the appearance of isometric muscle fatigue during testing can be a useful indicator of whiplash injury and grade.
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